A simple and straightforward synthetic approach was developed to access a biologically important class of -aminomethyl--butyrolactones via a -lactam synthon strategy involving successive ring-opening and lactonization processes from -hydroxyethyl-substituted-lactams that were elaborated by SmI 2mediated reductive coupling reaction.
The naturally occurring sesquiterpene lactones such as parthenolide [1] , costunolide [2] , alantolactone [3, 4] , helenalin [3, 5] and ambrosin [6] (Figure 1 ), which typically possess -methylene-butyrolactone substructures, are an important class of biologically potent compounds that exhibit promising phytotoxic, antiinflammatory, antimicrobial and cancer chemotherapeutic activities through inhibition of transcription factor NF-B [7, 8] . In this regard, the -methylene--butyrolactone skeletal system can act as a highly efficient Michael acceptor, enhancing reversible or irreversible nucleophilic additions of sulfhydryl groups present in enzymes, proteins and glutathione to give rise to unique biological activities characteristic of the structurally related compounds [9, 10] . Similar to the chemical behavior of thiols, amines react easily with -methylene--butyrolactones to form the corresponding aza-Michael adducts [11] .
As the currently known natural products containing such structures, three types of sinulamines (Figure 2 ), dimethylamine-adducts of cembranolide diterpenes and lobophytol acetate, have previously been isolated by Iguchi and Yamada from Okinawan Soft Coral (Sinularia sp.) [12] . Intriguingly, two of these examples have been shown to exhibit potent anti-proliferation activities on the KB cell lines with IC 50 values of 2.0 and 1.65 g/mL. Analogously, a series of naturally occurring sausseramines (Figure 3 ), which commonly possesses -aminomethyl-substituted -butyrolactone moieties, has been shown to have a gastroprotective effect on acidified ethanol-induced gastric mucosal lesions in rats [13] . Notably, these natural products have been hypothesized to serve as prodrugs equilibrating through retro aza-Michael processes to the corresponding enones, which would react with the biological nucleophiles [14, 15] . Thus, the comparable biological potency of the aza-Michael adducts with the parent -methylene-butyrolactones has led to the entry of -aminomethyl-butyrolactone derivatives into clinical trials as improved candidates for chemotherapeutic treatments [16, 17] . Indeed, it should be emphasized that the dimethylamine-adduct of parthenolide (DMAPT or LC-1) prepared from the parent natural product has advanced into clinical studies in humans [18, 19] . From the above examples, it appears that -aminomethyl--butyrolactones represent an important class of compounds offering a new prospect for future drug discovery and development. Despite the obvious importance of -aminomethyl--butyrolactones in medicinal chemistry, simple and efficient protocols for this type of compound substantially remain underdeveloped, in contrast to that for -methylene-butyrolactone analogues [20] .
For synthetic methodology to elaborate -methylene-butyrolactones, we have previously demonstrated that -lactams with precisely placed functional groups served as a useful synthetic intermediate [21] . As illustrated in Scheme 1a, this approach utilized -methylene--oxymethyl-functionalized -lactams (I) as a custom-designed reactant, which were subjected to a nucleophilic ring-opening reaction with sodium methoxide [22] to yield acyclic esters (II). This acyclic intermediate would then undergo subsequent C1-O4 bond-forming lactonization through treatment with TBAF to generate the -amino-functionalized -methylene-butyrolactones (III). Inspired by the success of our earlier work based on the above -lactam synthon strategy, we decided next to target -aminomethyl--butyrolactones starting from the relevant -lactam synthons to expand the utility of this methodology. Accordingly, as depicted in Scheme 1b, the current synthetic strategy involves the use of -methylene--lactams (IV) that could be transferred through SmI 2 -mediated reductive coupling reaction [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] to -hydroxyethyl-substituted -lactams (V). Since the structures of I and V are similar in that both nucleophilic oxygen atoms are appropriately placed on the C4-related positions, one would expect analogously to obtain acyclic esters (VI) and target -aminomethyl--butyrolactones (VII) through a parallel synthetic sequence from V. In the present paper, we report success of the new strategy for -aminomethyl--butyrolactone derivatives and provide a full account of our efforts that culminated in the synthesis allowing for a rich opportunity of structural diversity. To investigate the scope and limitations of the proposed synthetic strategy, we utilized starting compounds devoid of unnecessary functionality, whose structures are classified as 1A and 1B according to the substitution pattern of the -lactam ring systems ( Figure 4 ). The unsubstituted series of substrates 1Aa-c were prepared using the procedure previously described in the literature [34, 35] , while preparation of 1Ba and 1Bb relies on Adam's protocol [36] employing Baylis-Hillman adducts [37] prepared synthetically from ,-unsaturated esters [38] , as summarized in Scheme 2. With these compounds in hand, we undertook transformation of IV into V by carrying out the SmI 2 -mediated reductive coupling between 1Aa and isovaleraldehyde to determine the optimum reaction conditions.
In the first experiment, a 1:3 mixture of 1Aa and isovaleraldehyde in THF was added to a deep-blue solution of samarium diiodide (3.0 equiv relative to 1Aa) in THF at room temperature, in which the concentration of 1Aa was adjusted to 0.10 mol/L, and the reaction was allowed to continue for a period of 30 min (entry 1 in Table 1 ). In this case, attempts to detect the expected product 2a were unsuccessful by means of thin-layer chromatography (TLC) and 1 H NMR analysis of the crude reaction mixture. It was considered that the formation of complex mixtures predominated under these conditions and the desired product could not be obtained. When the same experiment was carried out at -40˚C, the reaction profile remained essentially unchanged to result in complex mixtures containing a trace amount of the starting material detected by TLC analysis (entry 2). However, a different situation arose when the reaction of 1Aa was conducted at -78˚C. Indeed, a careful examination of the reaction mixture obtained after 60 min revealed a 50% consumption of 1Aa with a formation of 2a in 10% isolated yield, corresponding to the conversion yield of 20% (entry 3). The preference for the formation of 2a was significantly enhanced when the reaction was quenched at early stages of the conversion. At a stage of about 10 min after the injection, 2a could be isolated as a major product in 63% conversion yield (12% isolated yield), albeit with a low conversion of 19% (entry 4). Furthermore, a slight improvement in the product formation was observed for an initial concentration of 0.15 mol/L, in which 2a was isolated in up to 68% conversion yield (16% isolated yield) at a 24% consumption of 1Aa. However, further effort to improve the product yield by performing the reaction for a short period of 1 min unfortunately led to a slightly poor result with 66% conversion yield (14% isolated yield) at 21% conversion (entry 6). From these results, in addition to an observation that the reaction for a longer period of 180 min resulted in the complex mixture, we could draw a tentative conclusion that the conditions as employed in the entry 5 would be optimal for controlling the process precisely.
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Scheme 3: Synthesis of diverse -hydroxyethyl-substituted -lactams from 1. All reactions were carried out in THF with a substrate concentration of 0.15 mol/L at -78˚C for 10 min. As for structural details of substrates and products, see Scheme 3. b Yields of isolated product after purification. c Conversion yields determined by recovery of the starting material.
The first of these investigations was carried out with the reactions in the presence of methanol as a cosolvent (entries 1,2 in Table 2 ). In these cases, the reactions proceeded at faster rates than that without methanol (entry 1) to give relatively high conversions of the substrate with significantly increased isolated yields of 2a. Such cosolvent effects were also observed for t-BuOH (entries 4-7) and HMPA (entries 8, 9) with the ability to tune finely the intrinsic redox potential of the Sm reducing species, whereas the use of N,N-dimethylacetamide (DMA) failed to change the product profile appreciably (entry 10). For the cases of t-BuOH, we found that the equimolar use of this cosolvent led to a superior yield in the control reaction (entry 4), but excessive use was detrimental to the synthesis (entry 7). At this point, it is noted that the utility of boron fluoride etherate, which would be expected to serve as an effective acidic additive for SmI 2 -mediated reductive couplings [41] , did not affect the reaction outcomes by decreased yields (entries 5,6). On the other hand, the reaction in the presence of HMPA behaved similarly, but with greater reactivity. As a matter of fact, the equimolar use of HMPA gave the cleanest reaction and highest efficiency of the product formation with 80% conversion yield (37% isolated yield) at 46% conversion (entry 8), while the reaction in the presence of excess HMPA resulted in only a trace yield of 2a (entry 9).
From these experimental results, the typical procedure conducted with equimolar HMPA at -78˚C for 10 min was identified as the most efficient protocol for the SmI 2 -mediated reductive coupling of 1Aa with isovaleraldehyde. Based on this consideration, we next examine the divergence of the reaction for accessing a variety of -hydroxyethyl-substituted -lactam analogues from a series of 1 and several simple aldehydes (Scheme 3). In addition to the above example (entry 1 in Table 3 ), the synthesis could also be performed with a number of the related reaction systems. Indeed, the reactions of 1Aa with all the aliphatic aldehydes were shown to be efficient, giving rise to 2a-c in satisfactory yields (entries 1-3). However, when the other aryl aldehydes were employed, 1Aa failed to react in the presence of either HMPA or t-BuOH and was recovered intact, mainly due to involvement of competitive pinanol couplings of their ketyls (entries 4-7). Using aliphatic aldehydes, a wide range of N-and/or -substituted substrates such as 1Ab, 1Ac, 1Ba and 1Bb were well tolerated under the stated conditions to afford the respective products 2f-i preferentially (entries [8] [9] [10] [11] [12] [13] . For the production of 2g, it is noteworthy that the reaction using the alcoholic cosolvents instead of HMPA showed significant improvement in the reaction efficiency, with t-BuOH proving to be a more effective cosolvent for the high-yield synthesis than methanol (entries 10,11).
Due to the strained nature of the four-membered ring systems, -lactams generally exhibit enhanced chemical reactivity associated with high electrophilic character, hence facilitating -lactam-ringopening initiated by nucleophilic attack to produce many useful intermediates for organic synthesis [42] [43] [44] . Accordingly, our synthetic strategy for the target compounds involves the use of 2 as a properly designed reactive species (Scheme 4).
In an effort to substantiate the idea of this -lactam synthon approach, we subjected 2a to treatment with sodium methoxide in methanol as our first model. After reacting the substrate at 0˚C for 15 min and then at 30˚C for an additional 15 min, examination of the crude mixture by TLC revealed complete consumption of the starting material with the formation of a highly polar material that was assigned to the corresponding ring-opened acyclic ester. After mild acidic workup with saturated ammonium chloride solution, the resulting mixture was acidified with aqueous 3% HCl to pH ~2 at 0˚C, allowed to react at this temperature for 30 min, and then heated at 50˚C for an additional 20 min to deliver 3a in 88% isolated yield as a salt-free amino lactone (entry 1 in Table 4 ).
As expected, 3a was obtained as an inseparable mixture of two diastereomeric isomers 3aA and 3aB in a ratio of 65:35, which was 892 Natural Product Communications Vol. 8 (7) 2013 Takahashi et al. confirmed by 1 H NMR spectroscopy. Since the strategy using the -lactam synthon was shown to allow ready access to the target -aminomethyl--butyrolactone, we next explored the scope of this process with a complete set of the related -lactam synthons. Under identical conditions, the other substrates except for 2g provided the desired products in moderate to high yields (entries 2-4, 6,7). Typically, the unsubstituted series of N-aryl -lactams 2a-c,f underwent efficient processes to give the products in high yields (86-95%, entries 1-4). Unexpectedly, N-alkyl -lactam 2g turned out to be non-susceptible toward nucleophilic addition by sodium methoxide, possibly due to lowered reactivity caused by loss of unpaired electron delocalization across the nitrogen atom and the substituent, and underwent inefficient ring-opening to result in only a trace yield of 3g (entry 5). For the substituted series of -lactams 2h,i, the ring-opening steps were found to be rapid, as confirmed by TLC analysis, but low efficiencies were given for the subsequent cyclization steps (entries 6,7).
As observed for 3a, the other new compounds showed analogous 1 H NMR patterns around 4.6 ppm, where well-separated resonances were observed. This could be attributed to the methine protons bearing C-4 of the -butyrolactone moieties in 3A and 3B, designated as H 4A and H 4B , respectively. Determination of peak integration ratios of the H 4A and H 4B resonances allowed quantification of the product distributions of the diastereomeric pairs. Table 4 also includes the distribution data estimated by this method, suggesting that 3A is the major substances produced through the SmI 2 -mediated reductive coupling process. In the 1 H NMR spectrum of 2h, chemical shifts for the NH, H 4A and H 4B protons are very close to each other, giving partially-overlapped resonances to prevent the above quantitative analysis. For this case, a 61:39 diastereomeric ratio of 3hA:3hB was estimated by comparing relative integration of the respective methine protons adjacent to the amino group (entry 6).
Having quantified the diastereomeric distributions, we turned to identify the relative stereochemistry at the C2 and C4 centers of 3A and 3B. For this purpose, we used 3f as a representative example to achieve the structural assignment based on nuclear Overhauser effect (NOE) experiments in 1 H NMR analysis. As depicted in Figure 5a , the 1 We have presented the synthetic approaches toward a new class of -aminomethyl--butyrolactones via a -lactam synthon strategy involving successive ring-opening and lactonization processes from the -hydroxyethyl-substituted-lactams, which were elaborated by the SmI 2 -mediated reductive coupling reaction. The synthetic strategy described encompasses a broader substrate scope allowing for the construction of a variety of the related heterocyclic systems under mild conditions, which cannot otherwise be achieved through direct side-chain installation into the -butyrolactone ring systems [45] . Therefore, this work has demonstrated the versatility of our synthetic strategy for accessing diverse biologically potent -aminomethyl-functionalized analogues of -butyrolactones.
Experimental
General: All solvents and reagents were of reagent grade quality from Wako Pure Chemicals and Tokyo Chemical Industry (TCI), and used without further purification. The 1 H and 13 C nuclear magnetic resonance (NMR) spectra operating at the frequencies of 300 and 75 MHz, respectively, were recorded on a JEOL JNM-AL300 spectrometer in chloroform-d (CDCl 3 ) and acetone-d 6 unless otherwise noted. Chemical shifts are reported in parts per million (ppm) relative to TMS and the solvent used as internal standards, and the coupling constants are reported in Hertz (Hz). Reactions were monitored by TLC using 0.25 mm Merck silica gel 60-F254 precoated silica gel plates by irradiation with UV light and/or by treatment with a solution of phosphomolybdic acid in ethanol followed by heating. CC was performed on Kanto Chemical silica gel 60N eluting with the indicated solvent system. Fourier transform infrared (FTIR) spectra were recorded on a JASCO FT/IR-550 spectrometer. Melting points were measured with a Stanford Research System MPA100 automatic melting point apparatus. Elemental analyses were performed by JSL Model JM 10 instruments.
General procedure for the synthesis of 2: Samples of 2 were synthesized as described in the following typical procedure. For example, the synthesis of 2a was exemplified as follows. An ovendried round-bottom flask was purged with argon, charged with a solution of 3 (1.00 g, 2.08 mmol) in anhydrous THF (14.0 mL) and degassed by a freeze-pump-thaw cycle. To this solution, samarium was added at room temperature. After stirring for 1 h to obtain a deep-blue solution of samarium diiodide (0.61 mol/L), the resulting solution was cooled to -78˚C. To this solution, a solution containing 1Aa (33 mg, 0.209 mmol), isovaleraldehyde (95.6 mg, 1.11 mmol) and HMPA (37.4 mg, 0.209 mmol) in THF (0.5 mL) was added dropwise via a syringe at this temperature. This mixture was stirred for 10 min at this temperature, quenched by addition of saturated Synthetic approach toward aminomethylbutyrolactones from -lactam synthons Natural Product Communications Vol. 8 (7) General procedure for the synthesis of 3: Samples of 3 were synthesized as described in the following typical procedure. For example, the synthesis of 3a was exemplified as follows. An ovendried round-bottom flask was purged with nitrogen, charged with sodium hydride (55wt% oil suspension, 34.5 mg, 0.790 mmol) and cooled to 0˚C. To this flask, methanol (0.030 mL) was added slowly via a syringe at this temperature. After stirring for 10 min to obtain a solution of sodium methoxide, a solution of 2a (39.1 mg, 0.158 mmol) in methanol (0.5 mL) was added to the resulting solution at this temperature. The resulting mixture was stirred for an additional 15 min, warmed to 30˚C, stirred for an additional 15 min, cooled to 0˚C and quenched by addition of saturated NH 4 Cl aq (10 mL Supplementary data: Preparative methods and characterization data for 1 associated with this article can be found in the online version.
